In this article we compare the kinetic behavior toward pyridine nucleotides (NAD+, NADH) of NAD+-malic enzyme, pyruvate dehydrogenase, isocitrate dehydrogenase, a-ketoglutarate dehydrogenase, and glycine decarboxylase extracted from pea (Pisum sativum) leaf and potato (Solanum tuberosum) tuber mitochondria. NADH competitively inhibited all the studied dehydrogenases when NAD+ was the varied substrate. However, the NAD+-linked malic enzyme exhibited the weakest affinity for NAD and the lowest sensitivity for NADH. It is suggested that NAD+-linked malic enzyme, when fully activated, is able to raise the matricial NADH level up to the required concentration to fully engage the rotenone-resistant internal NADH-dehydrogenase, whose affinity for NADH is weaker than complex 1. a sufficient concentration of NADH (4). With the aim to understand the mechanism whereby the rotenone-insensitive pathway is engaged, in this paper we compare the kinetic behavior toward pyridine nucleotides of most of the matrix dehydrogenases extracted from pea leaves and potato tubers mitochondria: NAD+-linked malic enzyme, pyruvate dehydrogenase, isocitrate dehydrogenase, a-ketoglutarate dehydrogenase, and glycine decarboxylase from green tissues. Our results show that NAD+-linked malic enzyme is less sensitive to NADH than the other matrix dehydrogenases, and lead us to discuss its eventual association with the cyanide-resistant electron pathway. It has been suggested that complex I may be associated with the normal cyanide-sensitive respiratory transport pathway, whereas the rotenone-insensitive internal NADH dehydrogenase is associated with the cyanide-resistant electron pathway providing a totally nonphosphorylating pathway for the oxidation of endogenous NADH (8, 16 
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MATERIALS AND METHODS

Plant Material
Potato tubers (Solanum tuberosum) were obtained from a local market. Pea (Pisum sativum L. var Douce Provence) plants were grown from seeds in vermiculite for 15 d under a 18 h photoperiod of warm white light, at 250C.
Preparation of Mitochondria
Mitochondria were isolated and purified from potato tubers as described by Neuburger et al. (12) , using self-generating 28% (v/v) Percoll (Pharmacia) gradients. Mitochondria from pea leaves were isolated and purified as described by Douce et al. (3) , using self-generating 28% (v/v) Percoll gradients and linear gradients of 0 to 10% (w/v; top to bottom) polyvinylpyrrolidone 25.
Measurement of Enzymic Activities
All assays were optimized with respect to the concentration of each component and to the pH of the reaction mixture. We verified that under these conditions, activities were linear with respect to the time for at least 2 min and were proportional to the amount of protein. (19) . After 3 min incubation at 25°C, the reaction was initiated by the addition of NAD+. Coenzyme A, a major activator of the plant malic enzyme, increases the affinity of the enzyme for NAD+ (1, 19 [6] ), enzyme, and known amounts of NAD+. The medium and all the stock solutions were bubbled with argon to avoid the oxidation of H4-folate to H2-folate (L-7,8-dihydropteroyl-L-glutamic acid) in the presence of atmospheric 02. The reaction, carried out under strict anaerobic conditions, was initiated by the addition of 20 mm glycine (2) .
Solutions of NAD+ (free acid, Boehringer), employed for the determination of kinetic constants were measured out by the method of Klingenberg (7).
Solubilization of Matrix Proteins
The purified mitochondrial pellets were suspended in a low osmolarity buffer, adapted to the further isolation of each concerned dehydrogenase and containing 4 Purification of the Matrix Dehydrogenases All steps were carried out at 4°C. The methods were the same for both types of tissues.
NAD+-Linked Malic Enzyme
The matrix proteins (280 mg), concentrated on a XM 100 membrane (Diaflo, Amicon) in a buffer A containing 10 mM Tris-HCl (pH 7.2), 1 mm f3-mercaptoethanol, and 10 mM malate, were loaded on a DEAE-Trisacryl M (IBF) column (20 x 1 cm), equilibrated with the buffer A. The column was then washed with the same buffer to remove unbound proteins. This was followed by a 100 mL linear gradient of 10 to 100 mm Tris-citrate (pH 7.2), containing 10 mM malate and 1 mM f3-mercaptoethanol (5) . The NAD+-linked malic enzyme was eluted when the Tris-citrate concentration was around 45 mm. Active fractions were pooled and concentrated by ultrafiltration on a PM 10 membrane (Diaflo, Amicon). The concentrated enzymatic extract (5-10 mg of protein) was loaded on a 30 x 1 cm Superose column (Pharmacia), equilibrated with buffer A. The column, connected to a Pharmacia FPLC system, was eluted with the same medium (flow rate 0.3 mL/min; fraction size 1 mL). Active fractions containing NAD+-linked malic enzyme were combined and concentrated by ultrafiltration on a PM 10 membrane. The pooled fractions of NAD+-linked malic enzyme (1-2 mg of protein) were applied to a 50 x 5 mm Mono-Q HR 5/5 column (Pharmacia), previously equilibrated with 10 mL of 10 mm Tris (pH 7.2) and 1 mm ,3-mercaptoethanol. The column, connected to a Pharmacia FPLC system, was eluted with a continuously increasing ammonium sulfate gradient (0-100 mM) (flow rate 0.3 mL/min; fraction size 0.6 mL). NAD+-linked malic enzyme was eluted between 80 and 100 mm of ammonium sulfate, and active fractions were pooled and concentrated on a PM1O membrane. The sample was then stored at -8O°C in the presence of 30 mm malate. The procedure resulted in a 250-fold purification. On the basis of LDS-PAGE, the NAD+-linked malic enzyme that emerged from the ion-exchange column was more than 95% pure. In addition, the electrophoretic profile showed that the purified enzyme ran as two bands of equivalent proportions corresponding to molecular mass values of 59 and 62 kD, in agreement with Willeford and Wedding (21) .
Pyruvate Dehydrogenase
The matrix proteins (80 mg), concentrated by ultrafiltration on a XM 300 Diaflo membrane in a buffer containing 5 (2) . Under these conditions, the matrix proteins suspended in a buffer containing 5 mm Mops, 5 mm Tris (pH 7), 1 mM f,-mercaptoethanol, and 1 mm EGTA and concentrated by ultrafiltration on a XM 300 Diaflo membrane, contained all the proteins (P-, H-, T-, and L-proteins and serine hydroxymethyltransferase [SHMT] ) involved in the conversion of glycine into serine. At this stage, the glycine cleavage/SHMT system could be stored at -80C under N2 without deterioration for several months (2).
RESULTS AND DISCUSSION
Each dehydrogenase showed perfect Michaelis behavior toward NAD+ during kinetic experiments in the presence of the required cofactors and with saturating substrate concentrations. The Km values for NAD+ and the Ki values for NADH were determined by linear regression analysis of Lineweaver-Burk plots (Figs. 1, 2) . Values obtained for the kinetic Figure 2 . Initial velocity pattems of glycine oxidation by glycine decarboxylase isolated from pea leaf mitochondria. The reaction media and the preparation of the glycine decarboxylase are described in the text. NAD+ was the variable substrate and the concentration of NADH was fixed at zero (control) or at various concentrations as indicated. Glycine oxidation was assayed at 250C, in the presence of argon, by measuring the formation of NADH at 340 nm, using a Kontron (Uvikon 810) spectrophotometer. VO was the initial velocity of reaction and is expressed as nmol NADH-min-'. The Km value for NAD+ was 75 ± 10 gM and the Ki value for NADH was 15 ± 5 gM. constants are shown in Table I . Several points of interest emerge from these studies.
First, NADH competitively inhibited all the studied dehydrogenases including NAD+-linked malic enzyme when NAD+ was the varied substrate. The apparent Ki values for NADH were 2 to 5 times lower than the Km for NAD+. These results demonstrate, therefore, that the steady state activities of these dehydrogenases are sensitive to the NADH/NAD+ molar ratios. In other words, increasing the ratio of NADH to NAD+ in the matrix space results in a logarithmic increase in the inhibition of the dehydrogenases. Interestingly, glycine decarboxylase, which is very sensitive to NADH, does not escape the control exerted by the pyridine nucleotides on every matrix oxidative mechanism (for review see Wiskich and Dry [22] ).
Second, NAD+-linked malic enzyme did not behave like the other matrix dehydrogenases with respect to the pyridine nucleotides (Table I ). Concerning NAD+, the different dehydrogenases exhibited various degrees of affinity for this coenzyme, the NAD+-linked malic enzyme having the weakest one (Km above 400 uM) (1, 9, 19 (Table I ). This intrinsic property may explain why malate oxidation can occur when the NADH reoxidation by complex I is blocked by rotenone (15) . Under such conditions, NAD+-linked malic enzyme, when fully activated (19) , is able to raise the matrix NADH level up to the required concentration to fully engage the rotenone-resistant internal NADHdehydrogenase, whose affinity for NADH is weaker than complex I (16) . In contrast, malate dehydrogenase with its unfavorable equilibrium constant and the other dehydrogenases with their low apparent Ki values for NADH cannot trigger the full strength of the rotenone-insensitive pathway.
All these results together strongly suggest that NAD+-linked malic enzyme and NADH oxidases (complex I and rotenoneinsensitive NADH oxidase) are not linked together and interact via a soluble and nonspecific pool of NAD+ (4, 10) .
